Introduction
Semiconductor photoelectric converters are the most efficient devices for converting solar radiation energy into electrical energy. The exceptional photovoltaic properties demonstrated for organic-inorganic hybrid lead-halide perovskites (for example, CH 3 NH 3 PbX 3 , X = Cl, Br, I) attracted immense attention from scientists all over the world [1] [2] [3] [4] [5] [6] . Intriguing optoelectronic characteristics include broad spectral absorption, low exciton binding energy, high charge carrier mobility and a significant diffusion length of charges [7] [8] [9] [10] [11] . Organic-inorganic hybrid leadhalide perovskite solar cells (PSCs) rapidly appeared on the leading edge of photovoltaic technologies with a certified power conversion rate of 23.7% [12] .
A TiO 2 / perovskite/ HTM/ Au device configuration is commonly used in typical PSC. Spiro-OMeTAD or PTAA (poly(triaryl)amine) are the most common choice for hole transport materials (HTM) [13] [14] [15] . However, the high cost F OR the first time, perovskite solar cells were demonstrated in 2009, and since then have been the subject of intense study. Due to the fact that perovskite has a band gap zone with direct transitions, it absorbs light more efficiently than silicon, and a thin layer is required to produce a solar cell, which can be obtained by precipitation from solution, which significantly reduces the cost of production of perovskite solar cells. Recently organic-inorganic hybrid lead-halide perovskite solar cells (PSCs) achieved a certified energy conversion efficiency of 23.7%. Among the various types of PSCs, carbon-based hole-conductor-free perovskite solar cells (CPSCs) were gradually recognized as the most promising for the commercialization with the advantages of low cost, high stability and easy fabrication. Here we review the latest developments in the field of printable carbon-based hole-conductor-free perovskite solar cells. 
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Device architecture and working principle
Carbon-based PSCs without HTM can be divided into two categories based on different types of carbon electrodes, such as a mesoscopic carbon electrode and a flat carbon electrode. As shown in Fig. 1a , typical HTM-free mesoscopic carbon-based PSCs (m-CPSCs) have a triple mesoscopic layer comprising TiO 2 , ZrO 2 and carbon, acting as an electron transport layer, separation layer and hole collection layer, respectively. Triple layer is screen printed on FTO substrate layer by layer, followed by sintering. Then the perovskite precursor solution is infiltrated into the mesoscopic framework by drop-casting precursor solution from the carbon side. Perovskite crystals are formed after annealing. The schematic structure of a planar HTM-free carbon-basedPSCs 
PROSPECTS FOR THE USE OF CARBON-BASED PEROVSKITE SOLAR CELLS
The alignment of energy levels for three functional layers in the CPSCs device is presented in Fig. 1c . The conduction band edge (-3.9 eV) of perovskite MAPbI 3 is higher than the conduction band edge (-4.0 eV) of TiO 2 , and the edge of the valence band (-5.4 eV) is lower than the Fermi level (-5.0 eV) of carbon. Electrons and holes are generating in the conduction band and the valence band of MAPbI 3 after absorption of light radiation by the perovskite absorber. Then the photogenerated electrons move to the conduction band of TiO 2 , the holes are extracted by carbon. Spacer layer, such as m-ZrO 2 ,is commonly used in m-PSCs without HTMto separate the TiO 2 and carbon layer. Due to the absence of the HTM layer, direct contact of the TiO 2 and the carbon layer can lead to a short circuit and then seriously affect the operation of the device. However, the separation layer is not needed for p-CPSCs without HTM, a thick layer of perovskite material on the surface of TiO 2 usually strongly separates TiO 2 and carbon.
Carbon-based HTM-free Perovskite solar modules
It is necessary to manufacture largesized perovskite solar modules (PSM) for commercialization of PSCs. Recently, Hu et al. [39] have successfully achieved new results, when they created PSM systems without HTM with sizes up to 100 cm 2 using cost-effective screen-printing technology (Fig. 2) . Carbon-based perovskite solar modules (CPSM) (10x10 cm 2 ) are consisted of 10 series-connected cells showing an efficiency of 10.4% in the active area of 49 cm 2 (Fig. 3) . PSM showed good stability without encapsulation during continuous illumination for 1000 hours in ambient conditions with a temperature of 25 °C and humidity (RH) of 54%. The surface temperature of the device reached 50 °C and were stabilized throughout the test under continuous illumination. They also tested the external stability of encapsulated devices for 1 month in a local environment with an average temperature of around 30 °C and an RH of 80% in Wuhan, China, and no deteriorations was observed. In addition, they made a fully printable 7 m 2 perovskite solar panel, demonstrating good reproducibility of screen-printing technology in the manufacture of high-performance PSM. This paved the way for the implementation of an efficient and stable large area PSM for industrial deployment. At the same time, the Subodh group also produced a 70 cm 2 PSM on the basis of the exact same structure, which shows stability in the environment for more than 2000 hours with a decrease in efficiency less than 5% [41] . The main achievements of the study of PSCs without HTM are represented in Table 1 . Molecular modeling approaches Molecular modeling with different level of theories is applying the basis of physics to understand chemical structures and materials functionality [53] .
Molecular modeling offers tools for investigating chemical structure in which experimental setup is limited and/or unavailable [54] [55] . It's now an effective tool to elucidate the functionality of emerging and new materials based on their electronic properties [56] [57] [58] [59] [60] . The structural properties, the efficiency of absorption and reflection of the solar cell made of perovskites could be investigated with molecular modeling at density functional theory DFT level of theory [61] [62] [63] . It is stated that, combining both DFT and finite difference time domain (FDTD) method could an effective tool of computation to assess the different properties of solar cell made of perovskites [64] . It is also stated that, relativistic GW approximation has been demonstrated to provide electronic structure accurately with extremely high computational cost [65] [66] [67] [68] . Attempts were carried out by many researchers to predict the properties of newly designed perovskites with accurate at a low computational cost [69] . An exchange-correlation functional based on DFT is utilized to predictthe band gap in organic-inorganic metal halide perovskites [70] .
It could be concluded in this section that DFT as well as modified DFT level of theories are dedicated now to investigate and/or innovate new features for perovskite solar cells. This findings is in good agreement of the previous findings [71] [72] [73] .
Conclusion and outlook
In this paper we focused on recent advances of low-cost carbon-based hole-conductor-free perovskite solar cells in terms of perovskite solarcell modifications and large surface perovskite solar modules. Carbon-based PSCs without HTM demonstrate high stability during continuous illumination inenvironmental conditions, which makes them one of the most promising solar cells for commercialization. However, the current efficiency for HTM-free CPSCs is still lower than that of conventional PSCs based on HTM. Therefore, improving the efficiency of devices is a major priority.
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